In this work, we report the expression and secretion of the leaderless two-peptide (EntL50A and EntL50B) bacteriocin enterocin L50 from Enterococcus faecium L50 by the methylotrophic yeast Pichia pastoris X-33. The bacteriocin structural genes entL50A and entL50B were fused to the Saccharomyces cerevisiae gene region encoding the mating pheromone ␣-factor 1 secretion signal (MF␣1 s ) and cloned, separately and together (entL50AB), into the P. pastoris expression and secretion vector pPICZ␣A, which contains the methanol-inducible alcohol oxidase promoter (P AOX1 ) to express the fusion genes. After transfer into the yeast, the recombinant plasmids were integrated into the genome, resulting in three bacteriocinogenic yeast strains able to produce and secrete the individual bacteriocin peptides EntL50A and EntL50B separately and together. The secretion was efficiently directed by MF␣1 s through the Sec system, and the precursor peptides were found to be correctly processed to form mature and active bacteriocin peptides. The present work describes for the first time the heterologous expression and secretion of a two-peptide non-pediocin-like bacteriocin by a yeast.
In this work, we report the expression and secretion of the leaderless two-peptide (EntL50A and EntL50B) bacteriocin enterocin L50 from Enterococcus faecium L50 by the methylotrophic yeast Pichia pastoris X-33. The bacteriocin structural genes entL50A and entL50B were fused to the Saccharomyces cerevisiae gene region encoding the mating pheromone ␣-factor 1 secretion signal (MF␣1 s ) and cloned, separately and together (entL50AB), into the P. pastoris expression and secretion vector pPICZ␣A, which contains the methanol-inducible alcohol oxidase promoter (P AOX1 ) to express the fusion genes. After transfer into the yeast, the recombinant plasmids were integrated into the genome, resulting in three bacteriocinogenic yeast strains able to produce and secrete the individual bacteriocin peptides EntL50A and EntL50B separately and together. The secretion was efficiently directed by MF␣1 s through the Sec system, and the precursor peptides were found to be correctly processed to form mature and active bacteriocin peptides. The present work describes for the first time the heterologous expression and secretion of a two-peptide non-pediocin-like bacteriocin by a yeast.
Bacteriocins are a heterogeneous group of ribosomally synthesized antimicrobial peptides or proteins produced by Gramnegative and Gram-positive bacteria (39) . They are highly potent, acting at nanomolar concentrations, and normally kill target cells by interfering with the integrity of their inner membrane. Many bacteriocins, especially those produced by lactic acid bacteria (LAB), target important pathogens and/or food spoilage bacteria, and they therefore have great potential application as food biopreservatives or pharmaceuticals and nutraceuticals in veterinary and human medicine (13, 28, 35, 36, 46) . LAB bacteriocins have been classified into three main classes: class I, the lantibiotics containing thioether rings that are composed of either lanthionine or methyllanthionine; class II, the nonmodified, small, and heat-stable peptides; and class III, the large and heat-labile protein bacteriocins (16, 19, 39) . The class II bacteriocins are quite diverse in terms of structure, amino acid sequence, and mode of action and have been further divided into five subclasses. (i) Subclass IIa comprises bacteriocins containing a conserved N-terminal motif (YGNG VxC); these are often called pediocin-like bacteriocins because pediocin PA-1 was the first bacteriocin to be characterized from this group. (ii) Subclass IIb is made up by bacteriocins whose full activity is dependent on the presence of two different peptides (thus often referred to as two-peptide bacteriocins). (iii) Subclass IIc includes the leaderless bacteriocins as opposed to other bacteriocins, which need an N-terminal extension (leader sequence or signal peptide) for secretion. (iv) Subclass IId is made up by the circular bacteriocins. (v) Subclass IIe includes one-peptide, non-pediocin-like, and noncircular bacteriocins.
The production of most class II bacteriocins relies on a well-conserved genetic organization of at least four genes, which are closely associated in one or two operon-like structures: (i) the structural gene encoding the prebacteriocin; (ii) a gene encoding the dedicated protein, which confers producer self-protection (immunity) against the toxicity of the bacteriocin (15) ; (iii) a gene encoding a dedicated ATP-binding cassette (ABC) transporter required for the processing and transport of the bacteriocin; and (iv) a gene encoding an accessory protein required for proper bacteriocin externalization (29, 38) . Some bacteriocin systems involve a quorum-sensing mechanism to regulate gene expression mediated by three different gene products: a secreted pheromone peptide (the induction factor), a histidine protein kinase (HPK) that serves as a sensor for the pheromone, and a response regulator (RR) that triggers the expression of a set of genes after it is activated by the cognate HPK (14) .
All lantibiotics and most class II bacteriocins are synthesized as biologically inactive precursors containing an Nterminal extension required for the secretion of the mature bacteriocin. This secretory signal extension, which can be of the so-called double-glycine-type leader sequence or the Sec-dependent signal peptide, is cleaved off concomitantly with the secretion of the active bacteriocin (11, 16, 29) . Interestingly, a few LAB bacteriocins (those belonging to subclass IIc) are synthesized without an N-terminal extension; these LAB bacteriocins include enterocin L50 (L50A and L50B) (8) , enterocin Q (10), enterocin EJ97 (43) , and the bacteriocin LsbB (20) . For most leaderless bacteriocins, it has been shown that secretion is mediated by ABC transporters (12, 20, 43) ; however, the nature of the signal that conveys their secretion is still elusive.
Enterococci produce a large variety of bacteriocins (commonly referred to as enterocins), which belong mostly to class II, except for the two-peptide lantibiotic cytolysin (21), the lytic protein enterolysin A (40) , and the lantibiotic columbicin A (37) . Enterococcus faecium L50 is a multiple-bacteriocin producer strain isolated from a Spanish dry-fermented sausage (7), which inhibits several spoilage and food-borne pathogenic bacteria as well as clinical human and animal pathogens (2, 8, 9, 10) . E. faecium L50 produces three bacteriocins belonging to different subclasses of class II. (i) Enterocin P is a pediocin-like bacteriocin (subclass IIa) synthesized with a sec-dependent N-terminal extension (signal peptide). (ii) Enterocin L50 (L50A and L50B) is an unusual bacteriocin in that it has features characteristic of both subclass IIb and subclass IIc bacteriocins; its full antimicrobial activity is dependent on the complementary action of two different peptides, EntL50A and EntL50B (a typical subclass IIb feature), and these two peptides are secreted without N-terminal extensions (a typical subclass IIc feature). (iii) Enterocin Q is a subclass IIc leaderless bacteriocin (8, 10, 12) . While enterocin P is secreted by the Sec translocase (30) , it has been suggested that the enterocin L50 peptides are secreted by a dedicated ABC transporter, as demonstrated for enterocin Q and other leaderless bacteriocins (12, 20, 43) . Although individual EntL50A and EntL50B possess some antimicrobial activity on their own, with EntL50A being the most active, a clearly synergistic effect is observed when both peptides are combined (2, 3, 8) .
Interestingly, enterocin L50 (L50A and L50B), similarly to most enterocins characterized to date, displays a broad antimicrobial spectrum and possesses adequate technological properties (e.g., bactericidal mode of action, small size, thermoresistance, stability over a wide range of pHs and storage conditions, sensitivity to most proteases, etc.) for being used as food biopreservatives or pharmaceutical antimicrobials (11, 19, 39) . However, the use of enterococci as food biopreservatives is highly controversial and merits particularly careful premarket safety evaluation since many strains, mainly within the species Enterococcus faecalis, have emerged as opportunistic human pathogens encoding potential virulence factors and carrying antibiotic resistance genes (17, 18, 32, 41) . To overcome the concerns related to the safety of enterococci, enterocin production by alternative and safer hosts, including industrially interesting food-grade LAB and yeast strains, has emerged as a suitable strategy, which may also lead to a strict control of enterocin gene expression at the transcriptional and/or translational level and/or optimization of enterocin production and purification. Furthermore, eukaryotic genetic tools developed for gene expression in yeasts have been shown to be adaptable to bacteriocin genes (3, 25, 26) . Despite the high versatility and efficiency of Saccharomyces cerevisiae and Pichia pastoris for the large-scale heterologous production of a variety of functional proteins (4, 6, 27, 33, 44, 45) , the heterologous production of enterocins by these yeast hosts has been addressed in only a few works. With regard to this, the heterologous production of biologically active enterocin L50 (L50A and L50B) by S. cerevisiae and enterocin P and hiracin JM79 by P. pastoris has demonstrated the possibility of developing bacteriocinproducing yeast strains (3, 23, 42) .
We have previously reported the construction of segregationally stable bacteriocinogenic clones of S. cerevisiae that were capable of producing the individual enterocin L50 peptides independently by using the yeast factor MF␣1 s to mediate the Sec-dependent secretion of the mature peptides (3); however, we somehow failed to generate a yeast clone that produced both peptides simultaneously. In the present paper, we report the successful generation of three bacteriocinogenic P. pastoris strains heterologously producing, separately and together, the leaderless peptides EntL50A and EntL50B directed by MF␣1 s through the yeast Sec system.
MATERIALS AND METHODS
Microorganisms, plasmids, media, and culture conditions. The microorganisms and plasmids used in this work are listed in Table 1 . The enterocin L50-producing strain E. faecium L50 (8) Molecular techniques and enzymes. Established protocols were employed for all DNA manipulations, including PCR amplifications, restriction endonuclease digestions, ligations, and transformations, as previously described (3, 24) . Oligonucleotide primers (Table 2) were obtained from Sigma-Genosys Ltd. (Cambridge, United Kingdom). Nucleotide sequencing of both strands of purified PCR products was done at the DNA Sequencing Service of Sistemas Genómicos (Valencia, Spain). P. pastoris X-33 competent cells were obtained and transformed by use of the EasySelect Pichia expression kit (Invitrogen).
Cloning of the bacteriocin structural genes entL50A and entL50B. The strategy employed for the cloning of entL50A and entL50B, separately and together, in pPICZ␣A is summarized in Fig. 1 . DNA fragments containing entL50A or entL50B fused to the nucleotide sequence (AAAAGA) encoding the Kex2 cleavage site were isolated from pTBS02 and pTBS03 (3) by using the restriction enzymes XhoI and XbaI and then cloned into expression vector pPICZ␣A, generating recombinant plasmids pBAS01 and pBAS02, respectively. In these plasmids, entL50A and entL50B are fused in frame to MF␣1 s , and gene expression is controlled by the inducible promoter P AOX1 (being induced by methanol and repressed by glycerol). MF␣1 s and the Kex2 sequence are required for the proper processing and secretion of the mature bacteriocin peptides. For the construction of pBAS03, which coexpresses MF␣1 s -Kex2-entL50A and MF␣1 sKex2-entL50B, the latter gene was obtained from pBAS02 by means of PCR and then cloned into pBAS01 between the restriction sites XbaI and SalI. Following amplification in E. coli JM109 cells, the recombinant plasmids as well as empty plasmid pPICZ␣A were linearized with SacI prior to electroporation into P. pastoris X-33 cells to obtain the clones P. pastoris X-33A (to produce EntL50A), P. pastoris X-33B (to produce EntL50B), P. pastoris X-33AB (to produce both EntL50A and EntL50B), and P. pastoris X-33C (used as a bacteriocin-negative control), which were selected on YPD plates supplemented with Zeo (100 g/ml) and sorbitol (1 M) at 30°C for 96 h. Plasmids pBAS01, pBAS02, and pBAS03 integrated into the genome of P. pastoris X-33A, P. pastoris X-33B, and P. pastoris X-33AB transformants, respectively, were confirmed by PCR, restriction analysis, and DNA sequencing.
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were due to differences in the copy numbers of the integrated genes, both transformants were spotted onto YPD plates supplemented with increasing Zeo concentrations (from 100 to 3,000 g/ml) and grown at 30°C for 48 h. In this respect, it is known that P. pastoris is capable of integrating multiple copies of heterologous DNA, which leads to higher Zeo resistance and hyperexpression of recombinant proteins (1, 6, 33) . Detection and quantification of EntL50A and EntL50B heterologous production by antimicrobial and immunochemical assays. The antimicrobial activities of cultures from several P. pastoris X-33A, P. pastoris X-33B, and P. pastoris X-33AB transformants were screened by a spot-on-agar test (SPAT) essentially as previously described (7). Briefly, transformants were first grown on YPD plates supplemented with Zeo (100 g/ml) at 30°C for 48 h and then transferred onto BMMY ( maintain the induction. After this period, 40 ml of MRS soft agar containing about 1 ϫ 10 5 CFU/ml of the indicator microorganism Pc. damnosus CECT4797 was poured over the plates, which were incubated at 30°C overnight for the development of inhibition zones.
In order to determine bacteriocin production kinetics, the clones P. pastoris X-33A, P. pastoris X-33B, and P. pastoris X-33AB were precultured in the buffered glycerol complex medium BMGY (10 g/liter yeast extract, 20 g/liter peptone, 100 mM potassium phosphate [pH 6], 1.34% yeast nitrogen base without amino acids, 4 ϫ 10 (23) at 30°C until the cell density reached an optical density at 600 nm (OD 600 ) of approximately 2 to 6. Cells were harvested by centrifugation (5,000 ϫ g at 4°C for 10 min), washed with BMGY (without glycerol), and resuspended to an OD 600 of 1 in both the buffered methanol complex medium BMMY and the buffered methanol minimal medium BMM (100 mM potassium phosphate [pH 6], 1.34% [wt/vol] yeast nitrogen base without amino acids, 4 ϫ 10 (23) . Cultures were incubated at 30°C for 9 days with shaking.
During this incubation, samples were collected periodically for determinations of overnight yeast growth (OD 600 ), cell dry weight (CDW), and bacteriocin activity and concentration in duplicates. Bacteriocin activity was quantified by an agar well diffusion test (ADT) (7) and a microtiter plate assay (MPA) (10, 31) using Pc. damnosus CECT4797 as the indicator microorganism. Quantification of EntL50A and EntL50B heterologous production by a noncompetitive indirect enzyme-linked immunosorbent assay (NCI-ELISA) was performed as previously described (3) . To measure the synergistic activity of heterologously produced EntL50A and EntL50B, supernatants from P. pastoris X-33A and P. pastoris X-33B were challenged against Pc. damnosus CECT4797, separately and combined, to achieve a 1:1 bacteriocin peptide ratio by SPAT and MPA.
Other methods. The yeast-produced bacteriocin peptides EntL50A and EntL50B were purified and matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) analysis was performed essentially as previously described (3, 7) . Sodium dodecyl sulfate-polyacrylamide gel electrophoresis, Western blotting of the purified peptides using anti-LR1-keyhole FIG. 1. Construction of recombinant plasmids pBAS01, pBAS02, and pBAS03, derived from the P. pastoris expression and secretion vector pPICZ␣A, containing the yeast gene region encoding the mating pheromone ␣-factor 1 secretion signal (MF␣1 s ), including the nucleotides encoding the Kex2 signal cleavage site, fused in frame to the entL50A and/or entL50B structural gene and under the control of the methanolinducible alcohol oxidase promoter (P AOX1 ). Plasmid sizes are given in base pairs. Only relevant restriction enzymes sites are indicated. 5Ј AOX1, promoter region; AOX1 TT, transcription termination; P TEF1 , transcription elongation factor 1 that drives the expression of the Sh ble gene in Pichia; P EM7 , constitutive promoter driving the expression of the Sh ble gene in E. coli; Zeo gene, zeocin resistance (Sh ble gene); CYC1 TT, transcription terminator; pUC ori, maintenance and high-copy replication in E. coli; entL50A, structural gene of EntL50A; entL50B, structural gene of EntL50B; P LAC , constitutive promoter driving the expression of the lacZ gene in E. coli; f1 ori, rescue of single-stranded DNA; Kan gene, kanamycin resistance; Amp gene, ampicillin resistance. limpet hemocyanin (KLH) (specific for EntL50A) and anti-LR2-KLH (specific for EntL50B) antibodies and detection of the bacteriocin activity after gel electrophoresis were performed essentially as previously described (3, 22) .
RESULTS
Biologically active EntL50A and EntL50B produced separately or together by P. pastoris. Three yeast clones were constructed, P. pastoris X-33A and P. pastoris X-33B to produce EntL50A and EntL50B, respectively, and P. pastoris X-33AB to produce both EntL50A and EntL50B, in addition to the bacteriocin-negative control clone P. pastoris X-33C. In the bacteriocinogenic clones, MF␣1 s and the Kex2 sequence were fused in frame to the bacteriocin genes to guide the proper processing and secretion of the mature bacteriocin peptides (Fig. 1) . As shown in Fig. 2 , the three bacteriocinogenic clones showed antimicrobial activity against the indicator microorganism Pc. damnosus CECT4797, while the control clone did not. To further confirm that the antimicrobial compounds had been secreted into the medium, the antimicrobial activities in the supernatants of liquid cultures were tested, and as shown in Table 3 , only supernatants from cultures containing the bacteriocin genes could display antimicrobial activity, thus ruling out the possibility that the antimicrobial activity exerted by P. pastoris X-33A, P. pastoris X-33B, and P. pastoris X-33AB was due to metabolites other than bacteriocins.
Recombinant yeasts grew much faster and to a higher cell density in the complex medium BMMY (OD 600 of 9.2 to 10.9) than in the minimal medium BMM (OD 600 of 8.2 to 8.6). Interestingly, the antimicrobial activities of the supernatants from cultures of P. pastoris X-33A and P. pastoris X-33AB were higher in BMM than in BMMY, whereas the opposite was observed for P. pastoris X-33B. Based on the MPA, the extracellular antimicrobial activity of P. pastoris X-33A was first detected at 24 h of incubation, and the maximum antimicrobial activity was found after incubation for 8 days (192 h) (310 and 100 bacteriocin units (BU)/mg CDW in BMM and BMMY, respectively) ( Table 3 ). For P. pastoris X-33B, the extracellular antimicrobial activity was first detected at 72 h of incubation, and the maximum antimicrobial activity, which was lower than that of P. pastoris X-33A, was found after incubation for 120 and 144 h (50 and 95 BU/mg CDW in BMM and BMMY, respectively) ( Table 3 ). The extracellular antimicrobial activity of P. pastoris X-33AB was first detected at 24 h of incubation, and the maximum antimicrobial activity was found after incubation for 96 and 48 h (65 and 20 BU/mg CDW] in BMM and BMMY, respectively) ( Table 3) . In both media, the antimicrobial activity of P. pastoris X-33AB was lower than that of P. pastoris X-33A. However, compared to that of P. pastoris X-33B, the antimicrobial activity of P. pastoris X-33AB was higher in BMM but lower in BMMY.
The presence of the recombinant bacteriocin peptides in the supernatants was also assessed by an NCI-ELISA using antibodies specific to the individual bacteriocin peptides. It was found that the amounts of the bacteriocin peptides measured by the immunoassay corresponded well with the antimicrobial activities in the supernatants (Table 3) . Although the growth of P. pastoris X-33A in BMM and BMMY was slightly higher than that of P. pastoris X-33B, the maximum amounts of recombinant EntL50A found in supernatants from P. pastoris X-33A cultures were 2-and 40-fold lower, respectively, than those of EntL50B produced by P. pastoris X-33B grown in these media. However, the maximum specific activities of EntL50A in the supernatants from P. pastoris X-33A grown in BMM and BMMY were about 21-and 35-fold higher, respectively, than those of EntL50B in the supernatants from P. pastoris X-33B. Interestingly, we found significantly higher Zeo resistance for P. pastoris X-33B (up to 2,500 g Zeo/ml) than for P. pastoris X-33A (up to 1,000 g Zeo/ml).
The maximum antimicrobial activity of P. pastoris X-33AB was found in the supernatants containing both bacteriocin peptides at an approximately 1:1 ratio, and the specific activity (BU/ng total bacteriocin peptides) appeared to be higher than that of P. pastoris X-33A or P. pastoris X-33B (Table 3) , suggesting that the recombinant bacteriocin peptides might act synergistically. To assess this synergistic effect further, supernatants from P. pastoris X-33A and P. pastoris X-33B grown in BMM and BMMY were challenged against Pc. damnosus CECT4797, independently or in combination, in a 1:1 bacteriocin peptide ratio. As expected, the equimolar mixture of EntL50A and EntL50B in BMM and BMMY displayed a greater antimicrobial activity (1,707 and 143 BU/mg CDW, respectively) than the additive effect of the peptides acting Bacteriocin concentration calculated by using an NCI-ELISA using specific polyclonal antibodies. ND, no bacteriocin detected. d Antimicrobial activity against Pc. damnosus CECT4797 determined by an ADT. Inhibition zones are differentiated as follows: d, diffuse; sϪ, slightly sharp; s, sharp; s2, extremely sharp. ND, no inhibition zone detected using 50 ml of supernatant. e Antimicrobial activity against Pc. damnosus CECT4797 as determined by an MPA. ND, no inhibition detected using 100 ml of supernatant. f Specific antimicrobial activity, i.e., the antimicrobial activity (BU/mg CDW) calculated by an MPA, divided by the EntL50A or EntL50B concentration (ng/mg CDW). NE, not evaluable. Purification and characterization of EntL50A and EntL50B produced by P. pastoris. The bacteriocin peptides were purified from the different yeast recombinants in order to compare their biochemical natures to those produced by the wild bacterial producer. At the final step of purification (reversedphase chromatography), the specific antimicrobial activities of purified EntL50A and EntL50B from P. pastoris X-33A and P. pastoris X-33B were about 322,000 BU/A 254 and 20,000 BU/ A 254 , respectively, which corresponded to 154-and 161-fold increases from their respective conditioned medium (after growth in BMMY broth at 30°C for approximately 192 h for P. pastoris X-33A and 48 h for P. pastoris X-33B). From 400-ml cultures, the final yields of purified EntL50A and EntL50B were 24 and 6.5 g, which correspond to 21 and 7.2% recoveries, respectively, as determined by the immunoassay approach or 43 and 5% recoveries, respectively, by the antimicrobial microtiter plate assay approach ( Table 4 ). The purity and molecular mass of recombinant EntL50A and EntL50B were also analyzed by MALDI-TOF MS. The results obtained for recombinant EntL50A revealed a minor peptide peak with a molecular mass (5,188 Da) highly similar to that of natural EntL50A (5, 190 Da) (Fig. 3A) as well as multiple peptide peaks with molecular masses ranging from 6.2 to 6.9 kDa, while the results for recombinant EntL50B identified a major peptide peak with a molecular mass identical to that of natural EntL50B (5,178 Da) as well as a second major peptide peak with a molecular mass of 5,194 Da (Fig. 3B) . As shown by the silver-stained Tricine-SDS-PAGE gels in Fig.  4A , purified recombinant EntL50A and EntL50B each gave rise to a major band of the expected size, in addition to a faint band of a larger peptide (16 to 23 kDa) from the EntL50B sample; this band was detected by Western blotting using antibodies specific for EntL50B, suggesting that this recombinant peptide could form aggregates. Similarly, it was demonstrated by immunodetection using an antibody specific for EntL50A that purified recombinant EntL50A also appeared to form aggregates of sizes similar to those of the EntL50B aggregates (Fig. 4B) . However, only the monomer forms of these peptides could exert antimicrobial activity when assessed by a gel overlay assay (Fig. 4C ).
DISCUSSION
Herein, we describe for the first time the heterologous expression and secretion of a two-peptide non-pediocin-like bacteriocin, enterocin L50 (L50A and L50B), by a yeast. For this purpose, the expression and secretion vector pPICZ␣A from the methylotrophic yeast P. pastoris was selected, since it contains three important elements for successful heterologous expression in the yeast host: (i) the inducible promoter P AOX1 for the controlled expression of the bacteriocin structural genes, (ii) MF␣1 s including the nucleotide sequence (AAAAGA) encoding the Kex2 signal cleavage site required for the processing of fusion proteins during MF␣1 s -directed secretion through the Sec system, and (iii) the AOX1 gene, which drives the integration of this vector into the P. pastoris genome and thus maximizes the stability of foreign protein production and/or allows the generation of multicopy strains (6, 23) . The generated recombinant P. pastoris strains showed bacteriocinogenic activity both in solid and in liquid complex (BMMY) and minimal (BMM) media. Notwithstanding the finding that yeast growth in the complex medium BMMY was better, the extracellular antimicrobial activity of P. pastoris X-33A (producing only EntL50A) and P. pastoris X-33AB (producing both EntL50A and EntL50B) was significantly lower than that obtained when these strains were grown in the minimal medium BMM; thus, the amounts of the different bacteriocin peptides produced by these two strains in BMMY varied from 10 to 15% of those produced in BMM. These results are in striking contrast to observations for P. pastoris X-33B (producing only EntL50B), whose maximum extracellular antimicrobial activity was found in BMMY, corresponding to a bacteriocin peptide concentration 2.6-fold higher than that in BMM. The nature that caused differential peptide concentrations with the different medium compositions and different levels of bacteriocin peptide production by the bacteriocinogenic recombinant yeasts might be complex but could possibly be ascribed to one or more of the following factors: (i) (higher) aggregation of bacteriocin peptides to form oligomers and/or complexes with medium constituents that results in reduced antigen epitope recognition and, thus, also reduced antimicrobial activity (4, 12, 23, 33, 44, 45, 47) ; (ii) higher C-terminal proteolytic degradation due a high concentration of vacuolar proteases resulting from higher cell density and lysis (4, 12, 23) ; and (iii) higher recombinant gene expression due to multiple integration events (1, 6, 33) . With regard to the latter, the higher Zeo resistance of P. pastoris X-33B than that of P. pastoris X-33A favors the possibility that the higher bacteriocin peptide concentration found in supernatants from P. pastoris X-33B may be ascribed to a higher-level multiple-integration event of entL50B, in effect resulting in a higher recombinant bacteriocin gene expression level.
To date, MF␣1 s -directed bacteriocin secretion by P. pastoris has been described for only three pediocin-like bacteriocins FIG. 3 . Mass spectrometry analysis of recombinant EntL50A (A) and EntL50B (B) purified from P. pastoris X-33A and P. pastoris X-33B-33 cultures, respectively, grown in BMMY broth at 30°C. (42) . The heterologous production of pediocin PA-1 by P. pastoris has been shown to result in the secretion of recombinant bacteriocin tightly associated with "collagen-like" material that lacks antimicrobial activity. On the other hand, P. pastoris has been shown to be able to heterologously produce high levels of biologically active enterocin P and hiracin JM79 in BMM and BMMY (23, 42) . Irrespective of the growth medium, bacteriocinogenic P. pastoris strains producing enterocin P, hiracin JM79, EntL50A, EntL50B, and EntL50A and EntL50B showed similar growth rates; however, the maximum concentrations of enterocin P and hiracin JM79 were obtained at the beginning of the exponential growth phase (OD 600 of 1.7 to 3.3), while EntL50A and EntL50B were maximally found at the beginning of the stationary growth phase (OD 600 of 7.8 to 10.2) and the middle-late exponential growth phase (OD 600 of 4.8 to 7.2), respectively. Strikingly, the concentrations and biological activities of recombinant enterocin P and hiracin JM79 decreased rapidly, and no antimicrobial activity (in BMM) or only a very low level of antimicrobial activity (1.5 or 45% of the maximum value in BMMY) was found after the incubation of cultures for 10 and 12 h (23, 42); however, recombinant EntL50A and EntL50B showed a higher stability, especially in BMM. In contrast to our previous work (3), in which the paired production of EntL50A and EntL50B by a single recombinant S. cerevisiae strain was not achievable, we succeeded in the development of a P. pastoris recombinant strain with the ability to produce both biologically active peptides simultaneously. However, levels of EntL50A and EntL50B production by P. pastoris X-33AB were 7-to 10-and 12-to 210-fold lower than those by P. pastoris X-33A and P. pastoris X-33B, respectively. Interestingly, the maximum amount of recombinant EntL50B produced by P. pastoris X-33B (1,240 ng/mg CDW in BMMY at 30°C) represented a 5.9-fold increase over the maximum EntL50B production by wild-type strain E. faecium L50 (210 ng/mg CDW in MRS broth at 25°C) (12) . Moreover, although recombinant EntL50B production by P. pastoris X-33B grown in BMM (475 ng/mg CDW) was 2.6-fold lower than that in BMMY (1,240 ng/mg CDW), this bacteriocin peptide amount still represents a 2.3-fold increase over the maximum production by the wild-type strain. However, the maximum amount of recombinant EntL50A produced by P. pastoris X-33A (228.5 ng/mg CDW in BMM at 30°C) is closely similar to the maximum level of EntL50A production by E. faecium L50 (217 ng/mg CDW in MRS broth at 25°C) (12) . Moreover, some important differences in bacteriocin production and purification were found when comparing P. pastoris and S. cerevisiae as heterologous hosts for the production of EntL50A and EntL50B. Interestingly, the maximum concentrations of EntL50A and EntL50B in the supernatants from P. pastoris were 27-and 52-fold higher, respectively, than those in the supernatants from S. cerevisiae. On the other hand, the yields of EntL50A and EntL50B purified from P. pastoris supernatants were approximately 2-and 6-fold lower, respectively, than those of the recombinant peptides purified from S. cerevisiae supernatants; however, the specific antimicrobial activities of EntL50A and EntL50B purified from P. pastoris cultures were 60-fold and 6-fold higher, respectively (3). With regard to this finding, the specific antimicrobial activities of EntL50A and EntL50B purified from P. pastoris were 205 and 75%, respectively, of those found in the culture supernatants, while the specific antimicrobial activities of EntL50A and EntL50B purified from S. cerevisiae drastically decreased during the purification process, to 2.6 and 5.5%, respectively (3).
The MALDI-TOF MS analysis of purified recombinant EntL50B showed a major peptide with the same molecular mass as that of natural EntL50B (5,178 Da) (8) , demonstrating that the EntL50B precursor was correctly processed by the Kex2 enzyme. The presence of a second major peptide with a molecular mass of 5,194 Da (16 Da more than EntL50B) in the purified fraction probably resulted from the spontaneous oxidation of one of the methionine residues of EntL50B (Met 1 or Met 24 ), giving rise to a methionine sulfoxide (MetSO), which is 16 Da more than the nonoxidized form. Such an oxidation of methionine residues during bacteriocin purification is in fact relatively common, as it was described previously for several other bacteriocins (5, 8, 10, 34) . For EntL50A, the results from MALDI-TOF MS analyses revealed a minor peptide with a molecular mass (5,188 Da) highly similar to that of natural EntL50A (5, 190 Da) (8) , demonstrating that the EntL50A precursor was correctly processed by the Kex2 enzyme. However, there were several other major peptides, in the range of 6.2 to 6.9 kDa, also present in the purified fraction. At first glance, this result could indicate that most EntL50A precursors were not correctly processed by the Kex2 enzyme as a consequence of a reduced recognition of the cleavage site (GluLys-Arg) due to a conformational interference exerted by its N terminus; however, the high level of similarity between EntL50A and EntL50B (8, 10) does not favor this possibility. More likely, recombinant EntL50A may be associated with a hitherto unknown compound, as previously suggested for the biologically inactive pediocin PA-1 heterologously produced by P. pastoris (4) and the biologically active EntL50A purified from recombinant S. cerevisiae strains (3).
The results presented in this work demonstrate that the cloning of entL50A and entL50B fused to MF␣1 s is enough for the efficient production of biologically active EntL50A and EntL50B, separately or together, by P. pastoris through the Sec system. This yeast host is more suitable than S. cerevisiae for the heterologous production of these antimicrobial bacteriocin peptides, especially for gene coexpression. We show herein that it is possible to use the nonpathogenic yeast P. pastoris to produce bacteriocins originally derived from potentially pathogenic microorganisms (e.g., Enterococcus species); this is especially relevant for bacteriocins from multibacteriocin producers, where purification of the bacteriocin of interest is often problematic due to their relatively similar physicochemical properties (being small, cationic, and amphiphilic), and for bacteriocins with a barely understood mechanism of secretion, such as enterocin L50 (L50A and L50B) and other leaderless bacteriocins. This approach can thus be an important foundation for the future production of leaderless bacteriocins at industrial scales for use in the pharmaceutical and food industries.
